ABSTRACT:
The aim of this study was to determine ileal AA and fiber digestibility in new-generation dried distillers grains with solubles (DDGS) derived from wheat (wDDGS), a wheat-corn blend [wcDDGS, wheat and corn were fermented in a 7:3 wt/wt ratio], or corn (cDDGS) and to determine the effects of diets containing DDGS on gut bacteria and bacterial and digestive enzyme activities. Experimental diets contained one of the DDGS samples as the sole source of protein, and a low protein diet (5% casein) was included to estimate basal endogenous ileal CP and AA losses. Chromic oxide (0.3%) was added as an indigestible marker to all diets. Twelve cannulated barrows with an initial BW of 20.2 ± 1.3 kg were allotted to the 4 experimental diets in a 2-period crossover design, which provided 6 observations per diet. Pigs were acclimatized to their diets for 5 d followed by a continuous 12-h digesta collection on d 6 and 7. Diet had no effect on the apparent ileal digestibility (AID) of CP (P = 0.58). The wDDGS diet generally had decreased (P < 0.05) AID of AA compared with the wcDDGS or cDDGS diet. Similarly, the values for standardized ileal digestibility of CP and most AA were smaller (P < 0.05) for the wDDGS diet compared with the other 2 DDGS diets. The Lys and Thr were the least digestible AA among the indispensable AA across the 3 DDGS samples. The digestibilities of nonstarch polysaccharides and NDF were not affected by diet (P = 0.80 and 0.40, respectively); however, the ileal digesta viscosity was greater (P < 0.05) for the wcDDGS diet than the wDDGS and cDDGS diets. The counts of Lactobacillus (P = 0.09) and Enterobacteriaceae (P = 0.05) were greater for the cDDGS diet compared with the other 2 diets. Accordingly, the cDDGS diet elicited a greater (P < 0.05) lactic acid concentration in digesta than the wD-DGS diet. The activities of bacterial (P = 0.86 to 0.91) and digestive enzymes (P = 0.31 to 0.80) did not differ among the diets. The results indicate that the wDDGS had generally less protein and AA ileal digestibilities compared with the wcDDGS and cDDGS samples and that nonstarch polysaccharides and NDF digestibilities were similar among diets. Although diet influenced digesta bacterial counts, no effects were observed on the activities of bacterial and digestive enzymes.
INTRODUCTION
Dried distillers grains with solubles (DDGS) has become increasingly available as an ingredient for swine feeds. Technological advances in ethanol production and processing of the resulting DDGS have enabled production of DDGS products of superior nutritive value for swine than DDGS produced with the old technology (Shurson et al., 2004; Singh et al., 2007) . In North America, corn has been the main feedstock for ethanol production, and therefore many of the studies on the nutritive value of DDGS for swine have used corn-derived DDGS (Shurson et al., 2004; Stein et al., 2006) .
In western Canada, wheat is often used as the main feedstock for ethanol production, thus availing wheat- derived DGGS for possible use as a livestock feed. Wheat-derived DDGS produced with the old technology has been evaluated in studies with poultry (Thacker and and pigs (Nyachoti et al., 2005; Widyaratne and Zijlstra, 2007; Lan et al., 2008) . These studies have shown that nutrient digestibilities were generally less for DDGS than for its corresponding grains possibly because of the greater fiber content in DDGS. However, the nutritive value of new generation wheat-derived DDGS for swine has not been reported. Furthermore, when wheat is used as the feedstock for ethanol production, viscosity-reducing enzymes are added, which result in considerable reductions in the total nonstarch polysaccharide (NSP) content in wheat-derived DDGS Slominski et al., 2008) . Dietary fiber content has direct effects on digestive physiology (Larsen et al., 1994; Eggum, 1995) and may interact with intestinal microflora to influence gut health (Montagne et al., 2003; Bindelle et al., 2008) .
The objective of the current study was to determine the AA and NSP digestibility of new generation wheatderived DDGS and to compare the effects of diets containing DDGS on ileal digesta, selected bacteria, and bacterial and digestive enzyme activities in growing pigs. A sample of a new generation corn-derived DDGS was included for comparison.
MATERIALS AND METHODS
The use of animals in this experiment was reviewed and approved by the Protocol Management and Review Committee of the University of Manitoba, and pigs were cared for according to the guidelines of the Canadian Council on Animal Care (CCAC, 1993) .
DDGS Samples
The wheat-derived DDGS samples were obtained from an ethanol plant (Husky Energy, Lloydminster, Alberta, Canada). One sample resulted from the fermentation of 100% wheat (wDDGS), whereas the other was from the fermentation of a mixture of wheat and corn in a 7:3 (wt/wt) ratio (wcDDGS). The corn sample (cDDGS) was obtained from another ethanol plant (VeraSun, Aurora, ND) and originated from 100% corn.
Animals, Housing, Surgical Procedure, and Diets
Twelve barrows [(Yorkshire × Hampshire) × Duroc; Genesus Inc., Oakville, Manitoba, Canada] with an average initial BW of 20.2 ± 1.3 kg were obtained from the University of Manitoba Glenlea Swine Research Unit for use in the present study. Pigs were individually housed in an environmentally controlled room with ambient temperature set at 21 ± 2°C and had free access to a commercial grower diet. After a 5-d acclimation period, pigs were surgically fitted with a T-cannula at the distal ileum and cared for as described by Nyachoti et al. (2005) .
Three experimental diets, each containing one of the DDGS samples tested as the sole source of protein, and a low-protein, casein-cornstarch diet were used in the study (Table 1 ). The DDGS diets were formulated to contain equal CP and similar DE contents by adjusting the amounts of DDGS and oil. The DE values of the DDGS samples were estimated based on the concentration of ash, CP, ether extract, and crude fat as suggested by NRC (1998). The casein diet was used to estimate basal ileal endogenous CP and AA losses (Dilger et al., 2004; Opapeju et al., 2006) . Sucrose was included in the diets to improve palatability and chromic dioxide (0.3%) was included as an indigestible marker. All diets were supplemented with minerals and vitamins to meet or exceed NRC (1998) nutrient specifications for growing pigs.
Feeding and Digesta Collection Procedure
After recovering for 14 d from surgery, pigs were assigned to the experimental diets in a randomized crossover design over 2 periods such that no pig received the same diet in the 2 periods, thus giving 6 observations per diet. Daily feed allowance was equivalent to 4% of BW at the beginning of each experimental period and offered in equal amounts twice daily at 0800 and 1630 h in mash form. Drinking water was freely available from low-pressure drinking nipples. Each experimental period lasted 7 d. After 5 d of acclimation to the experimental diets, ileal digesta were collected continuously for a total of 12 h (0800 to 2000 h) each on d 6 and 7.
Digesta were collected every 1-to 2-h intervals into transparent plastic bags attached to the barrel of the T-cannulas with hose clamps. Collection bags contained 10 mL of formic acid to minimize bacterial activity except in the bags used at the third collection interval. Digesta collected from the bags without formic acid was used to determine Enterobacteriaceae and Lactobacillus counts, short-chain fatty acid (SCFA) concentrations, and bacterial and digestive enzyme activities, and the collection at this time occurred at a standard time for all pigs. Digesta samples were immediately frozen at −20°C (except those for bacterial counting) until further processing.
Sample Preparation and Chemical Analyses
Digesta samples collected in bags containing formic acid were thawed and pooled for each pig and period and then thoroughly mixed, and subsamples of about 50 g were freeze-dried. Diet and digesta samples were finely ground in a coffee grinder (CBG5Smart Grind; Applica Consumer Products Inc., Shelton, CT) before chemical analysis. Dry matter and NDF were determined according to the method (925.09) of AOAC (1990) and Goering and van Soest (1970), respectively. Crude protein (N × 6.25) was determined by the combustion method Nutritional characteristics of dried distillers grains with solubles (method 990.03; AOAC, 1990) using combustion analyzer (model CNS-2000, Leco Corp., St. Joseph, MI) and EDTA as a calibration standard. Samples for Cr were ashed and digested according to the procedures described by Williams et al. (1962) and read on an inductively coupled plasma mass spectrometer (Varian Inc., Palo Alto, CA). Digesta SCFA contents were determined according to Erwin et al. (1961) . Amino acid contents were determined at the University of Missouri (Columbia, MO). Briefly, about 100 mg of each sample was hydrolyzed with 6 N HCl, sealed, evacuated, and digested at 110°C for 24 h. Before acid hydrolysis, Met and Cys were oxidized with formic acid; Trp was not determined.
Nonstarch polysaccharides were determined by GLC (component neutral sugars) and by colorimetry (uronic acids) as described by Slominski et al. (2006) . The analyses were performed in duplicate. Viscosity was determined in defrosted digesta samples. Briefly, 1 g of thoroughly mixed ileal contents were centrifuged at 12,000 × g for 8 min at room temperature. The supernatant fraction (0.5 mL) was placed in a digital viscometer (model DV-II+ Version 3.0, Brookfield Engineering Laboratories Inc., Stoughton, MA), in which viscosity was measured at a shear rate of 60/s at 38°C. The viscometer was rinsed with deionized water and wiped clean between samples. The viscosity values were recorded as apparent viscosity in millipascal seconds (mPa·s).
Digesta Lactobacillus and Enterobacteriaceae counts were determined on the sampling day as described by Kiarie et al. (2007) . Approximately 1 g of ileal digesta was added to sterile 0.1% peptone (99 mL), blended and homogenized for 1 min (Stomacher Lab-Blender 400, Seward Medical, London, UK), and serially diluted in sterile 0.1% peptone (9 mL). Lactobacillus were enumerated using de Man, Rogosa, and Sharpe medium (Becton Dickinson & Co., Franklin Lakes, NJ) after incubation at 38°C for 24 h. Enterobacteriaceae were enumerated using Lovine Eosin Methylene Blue agar (Becton Dickinson & Co.) and incubated at 38°C for 24 h. All plating was performed in duplicate and results recorded as colony-forming units per gram of wet digesta.
Microbial enzymatic activities were determined as described by Castillo et al. (2006) . Activities against the 4 substrates, carboxymethylcellulose, xylan from oat spelts, soluble starch from potato, and waxy starch from corn (Sigma-Aldrich, Oakville, Ontario, Canada), are referred to as cellulase, xylanase, amylase, and amylopectinase, respectively. Activity of the enzymatic extract was expressed as micromoles of neutral sugars released per milliliter of extract per minute.
Digestive enzyme activity analysis was performed on freeze-dried ileal digesta, which was extracted with 1 mmol/L of HCl (50 mg of lyophilized digesta in 1 mL of 1 mmol/L HCl) for 1 h at 4°C, followed by centrifugation at 2,500 × g for 20 min at room temperature as described by Li et al. (2004) . The supernatants were then collected for analysis of the activities of trypsin amidase (EC 2.4.21.4) and chymotrysin amidase (EC 2.4.21.1) according to the procedure described by Serviere-Zaragoza et al. (1997) with benzoyl-Arg-pnitroanilide and succinyl-(Ala) 2 -Pro-Phe-p-nitroanilide as respective substrates. The activities of both enzymes were expressed as micrograms of n-nitroaniline released per milliliter of extract per minute. All analyses were done in duplicate and corrected for dilution factors. 
Calculations and Statistical Analysis
Apparent (AID) and standardized (SID) ileal digestibilities were calculated as described by Stein et al. (2007) . Data were analyzed using GLM (with a RAN-DOM statement) procedures (SAS Inst. Inc., Cary, NC), and diet was the fixed effect, whereas period was the random effect. The effect of period was not statistically significant (P = 0.22 to 0.92); therefore, it was not included in the final model. When a significant F-value (P < 0.05) was observed in ANOVA, means of dietary treatments were compared using Tukey's test. The observations for the casein diet were 5 in total due to the refusal of 1 pig to eat the diet in the first experimental period.
RESULTS AND DISCUSSION
All pigs remained healthy throughout the experimental period and readily consumed their feed, except for 1 pig that had poor intake of the casein-cornstarch diet in 1 period. The chemical and nutrient content of the DDGS samples is shown in Table 2 . The wDDGS had greater CP content than the cDDGS, and the value for the wcDDGS was intermediate. The difference in CP content between wDDGS and cDDGS was about 10 percentage units, which is consistent with the report of Slominski et al. (2008) . The contents of the indispensable AA were similar among the DDGS types; however, the contents of the dispensable AA were variable depending on the specific AA, with the largest difference observed for Glu (5-percentage-unit difference) between wDDGS and cDDGS. It is well known that DDGS has variable chemical and nutrient contents even when the same grain is used for fermentation. Possibly differences could be due to grain source, quality control of the fermentation process, drying temperature and duration, and the amount of solubles added to the distillers dried grain (Nyachoti et al., 2005; Stein et al., 2006) .
The CP content in the cDDGS sample was similar to published values (NRC, 1998; Spiehs et al., 2002) , but the indispensable AA contents were generally greater. For example, the Lys content (1.04%) was about 40% greater than the values reported by NRC (1998) and Spiehs et al. (2002) , which were 0.62 and 0.85%, respectively. The contents of CP and the indispensable AA in wDDGS were close to those reported for old generation wDDGS (Nyachoti et al., 2005; Widyaratne and Zijlstra, 2007) except for Lys, which was about 50% greater (1.01 vs. 0.65%) in wDDGS. This observation indicates an improved AA balance in the new generation DDGS possibly because of improved drying conditions. The analyzed composition of the 3 DDGS diets was consistent with expected values based on ingredient composition and inclusion rates.
The AID values of nutrients in wDDGS, wcDDGS, and cDDGS are shown in Table 3 . The AID of DM was greater (P < 0.05) in wDDGS compared with wcD-DGS and cDDGS. There were no differences in the AID of CP among the DDGS types. Among the indispensable AA, the AID of Arg and Lys were not affected by DDGS type. For all other indispensable AA, AID values were less (P < 0.05) in wDDGS than in wcDDGS or cDDGS or both. A similar trend was observed for Nutritional characteristics of dried distillers grains with solubles the AID of the dispensable AA, except for Glu where the cDDGS had a smaller (P < 0.05) value compared with wDDGS and wcDDGS. Contrary to the results of the present study, Widyaratne and Zijlstra (2007) did not find differences in the AID of most AA among samples of wDDGS, wcDDGS, and cDDGS. Also, the AA digestibility values for the 3 DDGS samples in the Widyaratne and Zijlstra (2007) study were generally greater than those observed in the present study perhaps due to the heavier BW (64.6 kg) of pigs in their study compared with our study. However, the AID of AA for the wDDGS in the present study were close to the values reported by Nyachoti et al. (2005) , where pigs with an average BW of pigs 29.7 kg were used. For the cDDGS, the AID of AA in the present study were similar to the results of Jacela et al. (2008) but generally greater than the values of Stein et al. (2006) . This may have been due to the relatively greater contents of indispensable AA in the cDDGS sample evaluated in the present study. The basal ileal endogenous protein and AA losses determined using the low-protein casein-cornstarch diet are shown in Table 4 . The endogenous protein losses averaged 3.0 g/kg of DMI, with a range of 1.9 to 4.2 g/kg of DMI. These values are within the range of those reported by others using a similar low-CP diet (Karr-Lilienthal et al., 2004; Opapeju et al., 2006) . In agreement with Dilger et al. (2004) and Opapeju et al. (2006) , Pro (4.94 g/kg of DMI) and Gly (2.33 g/kg of DMI) made the largest contribution to the endogenous AA loss, and Met (0.14 g/kg of DMI) made the smallest contribution.
There were no differences in the SID of CP, and it averaged 80% among the DDGS samples (Table 5 ). There were no differences in the SID of indispensable AA except for Leu and Met, whose digestibilities were less (P < 0.05) in wDDGS than in the other 2 DDGS types and for Ile whose SID in wcDDGS was greater (P < 0.05) than in cDDGS (Table 5) . Among the dispensable AA, the SID of Ala and Asp were greater (P < 0.05) in cDDGS than in wDDGS, whereas that of Glu was greater (P < 0.05) in wDDGS and wcDDGS than in cDDGS. The SID values for all other dispensable AA were similar among the DDGS types. There are no reports of SID of CP and AA in wheat-derived DDGS from new generation ethanol plants available for comparison of our results. However, in a study with finishing pigs (approximately 82 kg of BW; Lan et al., 2008) , we observed values for indispensable AA in old generation wDDGS that were similar to or slightly less or greater than those reported in the present study. For example, the SID values for Leu, Lys, and Phe in the study of Lan et al. (2008) were 82.7, 55.5, and 85.7%, which were almost identical to the values of 82.8, 55.7, and 85.6%, respectively, observed in the present study. For the cDDGS, the SID values were generally greater than the values reported by Stein et al. (2006) , as were observed in the AID values, and this might be due to a-c Means within a row without a common superscript differ (P < 0.05).
1 wDDGS, wheat DDGS; wcDDGS, wheat-corn DDGS (7:3 wt:wt); cDDGS, corn DDGS. Diets were fed to 12 cannulated barrows with an initial BW of 20.2 kg with 6 observations per diet.
the differences in the AA profile between the 2 corn DDGS sources as well as the differences in the N-free diet used in the 2 studies. In the current study, the smallest SID values among the indispensable AA were Lys and Thr. This indicates that these 2 AA are the least digestible AA in DDGS ingredients regardless of the origin of the feedstock(s) used perhaps because of heat damage to these AA during processing. Of the entire indispensable AA, the SID of Lys was most variable, ranging from 55.7% in wDDGS to 61.3% in wcDDGS, which agrees with Stein et al. (2006) who reported that the SID of Lys was the most variable among different DDGS samples, even when they had consistent crude nutrient contents. Taken together, these data indicate considerable reductions in the bioavailability of Lys relative to other AA in the new generation DDGS despite the improvements in the drying process and warrants further studies to identify the causes for the small SID values for this important AA.
The contents of NSP (8.7, 10.5, and 15.0%) and NDF (12.5, 15.9, and 18.6%) were less in the wDDGS diet than in the wcDDGS and cDDGS diets, respectively. This agrees well with earlier reports from this laboratory Slominski et al., 2008) , which demonstrated a considerable reduction in NSP content of wDDGS because of the use of viscosity-reducing enzymes (i.e., xylanase) during wheat, but not corn or wheat-corn, fermentation. Schulze et al. (1994) and Lenis et al. (1996) pointed out that increased dietary fiber could result in decreased DM, N, and AA digestibility by increasing secretion of endogenous N, reducing dietary N absorption, or increasing bacterial N excretion. However, the relatively large total NSP and NDF contents in the wcDDGS and cDDGS diets compared with the wDDGS diet had no obvious negative effects on the AID and SID of CP and AA in the current study. Similarly, Li et al. (1994) observed no effect of including up to 13.3% Solka Floc (cellulose commercial product) in cornstarch-soybean meal diets on AID and fecal AA digestibility. It is well known that the influence of fiber on N and AA digestion depends on its source, type (i.e., insoluble vs. soluble fiber), and dietary content (Eggum, 1995) . Shurson et al. (2000) reported that DDGS fiber is primarily insoluble (42.2%), with soluble fiber constituting only a small fraction (0.7%) of DDGS. The effects of soluble or insoluble fiber on N and AA digestion in the pig are, however, not fully understood although soluble NSP are known to exert a larger effect on endogenous protein losses than insoluble NSP (de Lange et al., 1989; Libao-Mercado et al., 2006) .
There were no diet effects on the AID of NSP and NDF (Table 6 ). Ileal digesta viscosity was greater (P < 0.05) for the wcDDGS diet than the other 2 diets. The increased viscosity has been primarily linked to the presence of soluble NSP in a diet (Bedford and Schulze, 1998) . Therefore, the difference in viscosity between the wcDDGS diet and the other 2 DDGS diets might be due to different soluble NSP profiles, but this was not examined in the present study. It has also been suggested that increased digesta viscosity can impair nutrient utilization in chickens and pigs (Bedford and Schulze, 1998) . However, results of the present study do not support this notion because protein and AA digestibilities in the wcDDGS diet were generally better than observed for the other 2 DDGS diets despite the fact that wcDDGS had greater digesta viscosity. There is no conclusive evidence on the negative effects of increased digesta viscosity on nutrient utilization in pigs (Montagne et al., 2003). Nutritional characteristics of dried distillers grains with solubles Varel and Pond (1985) reported a change in the profile of gut bacteria after feeding high fiber diets (containing 40 or 96% alfalfa meal) to pigs for 5 d. In the present study, changes in bacterial profiles were observed after the 5-d adaptation period. In hindsight, a control diet with no DDGS should have been included in our study to help elucidate the effects of the DDGS types on intestinal bacteria. Nonetheless, pigs fed the cDDGS diet had greater Enterobacteriaceae (P = 0.05) and tended (P = 0.09) to exhibit greater Lactobacillus counts that those fed diets with the other 2 DDGS types ( Table 7 ). The LAB:ENT ratio was greater (P < 0.05) for the wDDGS diet than for the cDDGS diets with the value for the wcDDGS diet being intermediate (Table 7) . Lactobacillus and Enterobacteriaceae are thought to influence gut health. Lactobacillus is the major component of the microbial barrier to infection, whereas Enterobacteriaceae contains opportunistic pathogens, such as Escherichia coli, which impairs gut health (Ewing and Cole, 1994) . A greater ratio between the 2 groups is considered as index of microbiota favoring gut health (Ewing and Cole, 1994) . On the other hand, the cDDGS diet had a greater (P < 0.05) lactic acid concentration than the wDDGS diet and lactic acid is implicated to potentially inhibit the growth of pathogens (Axelsson, 1998) . Dietary inclusion of corn or wheat DDGS-related products was reported to reduce the frequency of diarrhea in weaned piglets (Pedersen et al., 2005) and protect growing pigs from a moderate Lactobacillus intracellularis challenge (Whitney et al., Means within a row without a common superscript differ (P < 0.05).
1 wDDGS, wheat DDGS; wcDDGS, wheat-corn DDGS (7:3 wt/wt); cDDGS, corn DDGS. Diets were fed to 12 cannulated barrows with an initial BW of 20.2 kg with 6 observations per diet. Means within a row not sharing a common superscript differ (P < 0.05).
1 mPa·s, millipascal seconds.
2 DDGS, dried distillers grains with solubles; wDDGS, wheat DDGS; wcDDGS, wheat-corn DDGS (7:3 wt/ wt); cDDGS, corn DDGS. Diets were fed to 12 cannulated barrows with an initial BW of 20.2 kg with 6 observations per diet.
2006
). Therefore, DDGS may help maintain a healthy gut of pigs, which needs to be carefully examined under various subclinical and clinical disease conditions.
It was hypothesized in the present study that because of the greater fiber content, DDGS inclusion in pig diets might alter bacterial and digestive enzyme activities. However, bacterial enzyme activities in ileal digesta were not different among the diets containing DDGS (data not shown). The activities of amylase, amylopectinase, xylanase, and cellulase averaged 54, 58, 7.7, and 2.0 µmol of sugar released per milliliter of extract per minute. This is consistent with the results of Castillo et al. (2007) , which indicated that amylase and amylopectinase are the predominant gut bacterial enzymes in pigs. Similarly, digestive enzyme activities were not affected by diet (data not shown). Although not statistically significant, chymotrypsin and trypsin activities in ileal digesta of wDDGS fed pigs were about 70 and 30% greater than for those fed the wcDDGS and cDDGS diets, respectively. This may be explained by the reduced digestible contents of AA in the wDDGS diet compared with the other 2 DDGS diets. Feeds with less digestible proteins tend to stimulate greater pancreatic enzyme secretion (Valette et al., 1992; Peiniau et al., 1996) .
The results of the present study indicated that, compared with the wcDDGS and the cDDGS samples, the wDDGS sample had a large CP content, but the ileal digestibilities of protein and AA were generally small. The same was observed for indispensable AA digestible contents. Depending on the type of DDGS, the tested ingredients had different effects on the counts of gut bacteria and SCFA contents. However, the ileal fiber digestibility and the activities of bacterial and digestive enzymes were not affected. Means within a row without a common superscript differ (P < 0.05).
1 DDGS, dried distillers grains with solubles; wDDGS, wheat DDGS; wcDDGS, wheat-corn DDGS (7:3 wt/ wt); cDDGS, corn DDGS. Diets were fed to 12 cannulated barrows with an initial BW of 20.2 kg with 6 observations per diet.
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